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dominate the magmatic constructs. The outer caldera is elongate along 125˚, and the inner caldera along 135˚. Numerous parasitic cones and fissure ridges are also observed, oriented at 039˚ and 041˚, respectively. Northeast trending faults (with a regional average strike of 031˚) are widespread within this part of the backarc, forming a nascent rift graben to the west of the Monowai caldera complex. The distribution of throw varies spatially, reaching a maximum total along-rift of 320 m and across rift of 120 m, with greater throw values measured in the west.
Elongation directions of the two nested calderas are near-perpendicular to the trends of faults and fissure ridges. The inner caldera is more orthogonal to the magmatic constructs (fissure ridges and aligned vent cones) and the outer caldera is approximately orthogonal to the regional fault fabric, suggesting a strong interaction between magmatic and tectonic processes, and the directions of the horizontal principal stress directions. We present a detailed morphometric analysis of these relationships and the data are used to interpret the spatial and temporal evolution of the tectono-magmatic system at Monowai, and classify the type of rifting as transtensional. Similar analysis is possible elsewhere in the Kermadec backarc and within other regions of submarine volcanism.
INTRODUCTION
Magmatic processes and tectonic deformation are closely interrelated, and control seafloor morphology in many modern and active arc-backarc systems, such as at the Izu-Bonin-Mariana Arc (Taylor, 1992) and the South Sandwich Arc (Leat et al., 2010) .
Hence, morphometric analysis of active arc-backarc systems may provide insight into the relative role of tectonic deformation and magmatic activity in controlling the evolution and development of these volcanic systems. Subaerial volcano morphology can be analysed using a combination of remotely-sensed data such as high-resolution aerial photography (e.g., Pyle and Elliott, 2006; Hauber et al., 2010) , LiDAR (e.g., Favalli et al., 2009) , and SAR (Rowland et al., 1999) , to which ground-truth data are relatively easily provided through fieldwork. Active deformation is also commonly recorded using InSAR (e.g., Calais et al., 2008; Keir et al., 2011) . In contrast, study of submarine (or extraterrestrial) volcanoes presents a greater challenge as observations and sampling are inherently more difficult. Vessel-borne multibeam echo-sounder systems have the dual advantage of providing continuous coverage, and mapping of the seafloor at resolutions of ~25 m horizontally and 1 m vertically (e.g. Wright et al., 2006a) . Similarly, multibeam systems borne by Autonomous Underwater Vehicles (AUV) and other underwater vehicles can provide much improved horizontal and vertical resolutions, e.g., 2 m horizontal and 15 cm vertical resolutions at 4 km water depth (e.g., Huvenne et al., 2009) . The use of backscatter data generated together with bathymetry by multibeam echosounder systems, provide a means to quantitatively characterise seafloor substrate and micro-topography (e.g., Brown and Blondel, 2009; Lamarche et al., 2011) . Analysis of submarine volcanic systems using multibeam bathymetry and backscatter data, can fully document the interaction between tectonic and magmatic processes (e.g., Mitchell and Lofi, 2008) .
Arc-backarc systems hosted within young oceanic arc crust, such as the TofuaKermadec Arc with low rates of erosion and sedimentation, provide an ideal location to study the interaction of magmatism and tectonism, as effects from inherited structures that do not result from the current tectonic setting are limited. For clarity we define: tectonism as the deformation of the crust through faulting, magmatism as the presence of deeper intrusives which do not break the surface of the crust, whereas volcanism is the surficial expression of magmatism. Magmatic structures may occur along a continuum from constructional vent cones and fissure ridges (both of which may be partly volcanic after eruption), to destructional (mainly volcanic) structures such as calderas. Boundaries between the process definitions can become unclear, such as where tectonic and magmatic processes interact, forming regions of tectonomagmatism (e.g., Francis and Oppenheimer, 2004) . Tectono-magmatic interactions differ in form with the relative timing of the two processes, and the interaction of the regional stress field and basement crustal structures (Lara et al., 2006) , as the tectonic force and surface heat flow control the depth of magma emplacement (Watanabe et al., 1999) . Surficial structures indicating the interaction of these processes at depth range from caldera collapse, dyke injection inducing faulting (Rubin and Pollard, 1988) , rifting episodes such as the 2005 Dabbahu (Afar) event (Wright et al., 2006b ), fissure swarms (e.g. Sonnette et al., 2010) to volcanoes in rifts focusing extension (van Wyk de Vries and Merle, 1996) .The Kermadec Arc -Havre Trough backarc system ( Figure 1A) comprises active rifting west of constructional arc front volcanism. Between the backarc rifting and the arc front there is a varying dominance of parasitic cones, fissure ridges, and pervasive extensional faulting (e.g., Wright et al., 2006a; Campbell et al., 2007; Graham et al., 2008; Wysoczanski et al., 2010) . Interactions of magmatism and tectonism can record the dominant mechanism driving the structural evolution of the arc-backarc system.
Studies of the interaction of magmatism and tectonism globally (e.g., Dauteuil and Bergerat, 2005; Cembrano and Lara, 2009; Sonnette et al., 2010 among others) , and the associated modelling (e.g., Corti et al., 2003; Mathieu et al., 2011) provide a context for the analysis of the Kermadec Arc -Havre Trough backarc system. For example if volcanism occurs before tectonism, it can control later fault structures and rift formation, increasing and reorientating stresses, with faults curving towards the volcano where extension is focused (van Wyk de Vries and Merle, 1996) . Volcanism may also affect nearby faults, by the transfer of stress or through magma chamber movement as postulated at the Okataina volcanic centre (New Zealand), where 30% of fault ruptures occurred during eruption (Villamor et al., 2011) . Conversely, tectonic 4 activity can also affect the eruptive products of a volcano in a fault system (van Wyk de Vries and Merle, 1996; Bellotti et al., 2006) , or may lead to a hiatus of volcanic activity (Bellotti et al., 2006) . The extent of tectonic control on volcanism has been determined clearly at the Cordón Caulle-Puyehue area of the Southern Andes (Lara et al., 2006) , with local variations of the trends of fissure systems and monogenetic cones indicative of magmatic compositions. On a smaller scale, Corazzato and Tibaldi (2006) find parasitic pyroclastic cones to be influenced by a north-south rift system at Mt. Etna, Italy, which may control the alignment of "magma-feeding fractures". Spinks et al. (2005) interpret tectonism to control volcanism, with calderas close to the Taupo Volcanic Zone (New Zealand) axial rift consisting of multiple eruption collapse structures, compared to monogenetic calderas further from the rift, in addition to the amount of magma erupted possibly a function of the extension rate. While also within the Taupo Volcanic Zone rifting mechanisms appear to vary according to the magmatic style (Rowland et al., 2010) , suggesting the dominant process (whether magmatism or tectonism) may be hard to identify definitively where the processes are coeval.
Coeval tectonism and magmatism can be more difficult to decipher as being driven by a particular process, if analysis is conducted after the interaction. Geophysical surveying aided the analysis of the coeval events within the tectono-magmatic history of Thingvallavatn, an Icelandic lake where a single dyking event drove normal faulting and producing an asymmetric rift (Bull et al., 2005) . The high magmatic input of the underlying hot-spot in Iceland means that interactions of tectonism and magmatism are generally driven by magmatism, such as dyke and fissure swarms (e.g., Dauteuil and Bergerat, 2005) . The 1975-1984 intrusive Krafla rifting episode (Bjornsson et al., 1977 ) is another example of magmatic control, widening the fissure swarm along the length of the fractured zone by 0.3 km² (Tryggvason, 1984) . Magma intruded along pre-existing fractures to reach the surface (Opheim and Gudmundsson, 1989) , possibly influenced by fractures with larger apertures compared to areas of high fracture density (Leckenby et al., 2005) .
We document here the tectono-magmatic interaction at Monowai Volcanic Centre (MVC) in the Kermadec Arc ( Figure 1A ), a typical arc volcano that comprises a caldera complex, stratovolcano, extensive cone construction e.g., parasitic cones on the stratovolcano slopes, and extensional faulting (Davey, 1980; Wright et al., 2008; Chadwick et al., 2008; Graham et al., 2008) . The MVC has been extensively surveyed using multibeam echosounder systems in 1986 , 1998 and 2004 Chadwick et al., 2008; Graham et al., 2008) . The 30 kHz multibeam echosounder system data acquired in 2004 ( Figures 1B, 1C) provide the basis for this paper. A number of morphometric analysis tools are applied to multibeam bathymetry and backscatter data ( Figures 1B, 1C ) in order to decipher and quantify the interaction of tectonism and magmatism at MVC, in a regional context.
TECTONIC SETTING
The development of the active Tofua-Kermadec Arc (c. 1 Ma) and Lau-Havre Trough backarc since 5-6 Ma (Ruellan et al., 2003) is directly associated with the PacificAustralian subduction boundary along the Tonga-Kermadec Trench ( Figure 1A ). The Lau-Havre Trough separates the Tofua-Kermadec Arc from the remnant Lau-Colville arc, which became extinct 5-3.5 Ma (Gill, 1976; Wright et al 1990; Parson and Wright, 1996) . The initiation of the Lau-Havre Trough is estimated at 5 Ma (Gill, 1976) , while for 35-37˚S geophysical data published by Wright (1993) estimate an extension rate of 15-20 mm yr⁻¹, and concur with the onset of rifting published by Gill (1976) . The TofuaKermadec Arc has been active post-Pliocene, on or to the west of the Eocene-Miocene Tonga-Kermadec ridge (Wysoczanski et al., 2010) . A major change in the arc-backarc system occurs at ~25˚S where the Louisville Seamount Chain is subducted into the Tonga-Kermadec Trench (Ruellan et al., 2003) . Ruellan et al. (2003) proposed that the subduction of the Louisville seamount chain locked rifting in the Havre Trough at ~26˚S. To the north, backarc opening has progressed to full seafloor spreading in the Lau Basin, whereas to the south, young semi-contiguous rifts with potentially short segments of spreading occur in the Havre Trough (Wysoczanski et al., 2010) . The Pacific plate convergence rate increases northwards along the Kermadec Trench from 53 mm yr⁻¹ at 34˚S, to 67 mm yr⁻¹ at 26˚30'S (Bird, 2003;  Figure 1A ). Rifting in the Havre Trough between the Kermadec microplate and the Australian plate also increases northwards; it is estimated as 56 ± 28 mm yr⁻¹ at ~25˚S (Bird, 2003) , and 8-21 mm yr⁻¹ further south (Wallace et al., 2009) . Delteil et al. (2002) interpreted the Havre 6 Trough to be obliquely opening due to a progressive southward increase in oblique convergence of the Pacific Plate along the Kermadec Trench ( Figure 1A ). Furthermore, Graham et al. (2008) determined the least compressive stress direction from elongation directions of the majority of the calderas to be northwest-southeast, consistent with a 122˚ rifting direction of magnitude 21 ± 5 mm yr⁻¹ at 28˚S (Pelletier and Louat, 1989) . Accordingly the morphological expression of Kermadec Arc volcanism is influenced by the magnitude and direction of the local stress regime, which is dominantly transtensional (e.g., Delteil et al., 2002; Bonnardot et al., 2007) .
MVC at 25°50'S, at the northern limit of the Kermadec Arc ( Figure 1A) , is located to the east of a zone of semi-contiguous backarc grabens, which facilitate segmented rifting within the Havre Trough (Fujiwara et al., 2001) . The MVC consists of a stratovolcano shoaling to 130 m water-depth (Graham et al., 2008) , which is located to the south of a large nested caldera complex extending over 55 km² and rising ~1 km above the surrounding seafloor ( Figure 1B, 1C) . The northwest-southeast elongate caldera complex includes a 9 km x 7 km outer caldera, which contains a 6 km x 4 km inner, 1 km deep caldera (Graham et al., 2008) . Numerous parasitic cones and fissure ridges are dispersed across the volcanic centre, concentrated between the northern slopes of the stratovolcano and the southern caldera rim. To the west and north, a series of well-developed NE-trending faults dissect the lower northern flanks of the MVC ( Figure   1B , 1C) (Graham et al., 2008; Timm et al., 2011) .
The Monowai stratovolcano is basaltic and has an estimated volume of ~11 km 3 (Graham et al., 2008) . It is the locus of current magmatic activity, having formed a 'regrowth' cone of 0.023 km 3 after a sector collapse event of 0.085 km 3 within a 6 year period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) Chadwick et al., 2008) . While the caldera complex hosts an active hydrothermal system with low temperature venting (<60˚C) (Leybourne et al., in revision) , there is also hydrothermal activity at the stratovolcano.
Seafloor samples collected in the inner caldera are andesitic, whereas the outer caldera is basaltic-andesitic. Samples from the calderas are in mutually exclusive ranges to the basaltic samples from Monowai stratovolcano (Graham et al., 2008) . The caldera morphology indicates an explosive history, not usually associated with the 7 relatively low silicic values from the calderas (Graham et al., 2008; Leybourne et al., in revision) . Timm et al. (2011) suggest an influence at MVC of the subducted Louisville Seamount Chain ( Figure 1A ) and the Osbourn Trough an extinct Cretaceous spreading centre intersecting the Tonga Trench at 25˚ 30'S (Billen and Stock, 2000) , the associated volatiles of which may in part explain the large size of the mafic calderas of Monowai. High volatile and glass contents within the andesites could have led to rapid magma chamber discharge and caldera collapse, which, supported by glass rich ≤ 41%
basalts, indicates rapid quenching (Graham et al., 2008) .
3. DATA AND METHODOLOGY
Multibeam Data
We use multibeam data (comprising bathymetry and backscatter) acquired by the R.V.
Tangaroa in 2004 using a 30 kHz EM300 system . Navigational data were recorded via differential GPS with a positional accuracy of ± 5 m.
Hydromap™ was used for backscatter data processing, making the standard corrections:
attenuation of transmission loss, beam angle and range effects. Water column velocities were corrected using real-time in situ measurements, enabling the resultant multibeam data to be gridded at 25 m scale, with a vertical resolution of ~ 1 m.
GIS Analysis
Interpretation of the Monowai morphology is based on the multibeam data, and its subsequent analysis using Geographic Information System (GIS) software. ESRI® GIS software ArcGIS 9.3 were used to integrate and analyse the EM300 multibeam bathymetry and backscatter data. The GIS morphometric functions applied include Rugosity is the ratio of the three-dimensional surface area to the two-dimensional planar area ( Figure 2C ). Height changes from the centre cell to its eight neighbours are used to calculate the three-dimensional area, while the centre location of each cell is used to calculate the planar area. (Wright et al., 2006a) . Polygon shapefiles were used to delimit cones, lava fields, and fissure ridges, and polyline shapefiles were used for linear structures (i.e., the fissure ridge crests, faults and ring faults). Faults were interpreted at the footwall cut-off of the seafloor, and interpreted in linear segments.
The fault scarp is defined by peaks of convex and concave bathymetry at the scarp limits (red and blue Profile Curvature respectively, Figure 3B ), and is also seen in Slope ( Figure 2A ) and to a lesser extent in the other methods of analysis of Figure 2 . A change in fault strike was taken to indicate a new fault segment for fault digitisation, when the fault segment was longer than 50 m, and changed orientation more than 2˚.
The change in fault strike was interpreted from the footwall cut-off, with an accuracy of ±5˚. This method, producing segments with an average length of 240 m, ensures sufficient sampling to identify linear structural orientations and their variation. As the bathymetry is gridded at 25 m resolution, the accuracy of the length of the interpreted structures is ±25 m. It is also applicable to fissure ridge crests, ring faults, and vent cone alignments, where several vent cones were interpreted as continuations of the same dyke feeder system. Structural elongation of the constructional magmatic structures defined the difference between interpreted vent cone alignments and fissure ridges, with more elongated structures classified as fissure ridges. Uncertainty in defining a feature as a fault or a fissure ridge was resolved using bathymetric transects ( Figure 3F ).
Geomorphic and Tectonic Analyses
Orientations of faults, fissure ridges, and cone structures were determined from the shapefiles, using 'fissure ridge crests' ( Figure 3F ) and 'vent cone alignments' (polyline shapefiles) for the polygonal structures. Fault segment strikes were length-weighted into 10˚ class rose diagrams. The approximate orientation of the zone of semi-contiguous backarc grabens of the Havre Trough is 8˚, as interpreted from 1 minute gridded satellite gravity anomalies. Tectonic and magmatic interactions may be observed from morphometric analysis either through spatial overlap, or from structures that only form from the interaction of tectono-magmatic processes, such as dyke intrusion. Seafloor morphology may indicate where dykes reach near the surface, although most will be arrested at depth (Gudmundsson et al., 1999) . During dyke injections, faults may be induced in front of the intrusion, which are later cut by the dyke, or faults may be induced above the dyke with the hanging wall intersecting the dyke (Rubin and Pollard, 1988) . This process may be observed through a rise in the seafloor with a central dip (e.g., Rubin and Pollard, 1988) or graben structure if normal faults are induced (Pollard et al., 1983) , which can be confirmed by a bathymetric transect, or through the relative indications of this structure from the Slope and Curvature analysis techniques. It is possible that this stage of dyke injection may not be observed, as a later eruptive event may mask the central dip within the bathymetric rise. If dyke injections are observed, the ratio of ridge heights could be used to determine the dip of the dyke (Pollard et al., 1983) . calculated by re-sampling and summing fault throws every 100 m along-rift and every 50 m across-rift using the GMT software (Wessel, 2011) . Cumulative throw profiles were projected on the two projection axes (Figure 4 ) to document tectonic deformation distribution across Monowai. Throws were measured on all faults interpreted; however, no throw value or facing direction was resolvable (D in Figure 5A ) for smaller faults at the limit of bathymetric and interpretive resolution (where throw values are less than 1 m). As the vertical resolution of the bathymetry is ~1 m, this is also the uncertainty in the throw measurements. Throw values from caldera ring faults are not included in the transects as they relate to magma-chamber evacuation and accompany caldera collapse (Lipman, 1997) , rather than resulting from the backarc extension alone.
Volcanic Morphology
As volcanism is the surficial expression of magmatism, as previously indicated, quantification of the volcanic structure volumes will also allow an indicative measure of magmatism. Surficial volcanism was quantified by calculating the volume of constructional "inflation" volcanism of cones and fissure ridges (also influenced by magmatism) and destructional volcanism of the caldera volumes. For each positive volcanic edifice, the bathymetry within the structure outline was extracted to find the maximum depth, which was assumed to be the planar base; the constructional volume was calculated between the planar base and the bathymetric surface. This process was reversed for the inner and outer calderas, to estimate the amount of material evacuated, with the volume calculated between the floor of the caldera and a planar limit assumed at the highest point along the caldera rim. Post-collapse constructional volumes from fissure ridges and vent cones were subtracted from the caldera volumes to determine the caldera collapse volumes, prior to caldera collapse there may have been additional volume from a previous dome structure, suggesting these caldera volumes to be minimum estimates. The volume of Monowai stratovolcano is a minimum due to a lack of survey coverage across the lower southeast flank of the edifice. These estimates of volcanic construct volumes assume planar bases only accounting for surficial volume,
and not the full sub-surface magmatic intrusion volume which may be in the order of 180 times the extrusive volume (e.g., Ferguson et al., 2010) . Nevertheless, using volcanic construct volumes as measures of volcanic activity provides a method of quantifying and comparing volcanism across MVC, and therefore an estimate of magmatism.
RESULTS

Monowai Morphology
MVC is dominated by the stratovolcano shoaling to 130 m water depth, the 1 km deep caldera complex, attendant smaller edifices, and an extensive fault population to the west (Figures 5, 6 ). Higher seafloor backscatter values are interpreted as lava fields (e.g., Lipman et al., 1989; Wright and Gamble, 1999) around the inner and outer caldera rims ( Figure 3D ), and on the upper stratovolcano flanks ( Figure 5A ); while the Hillshade texture ( Figure 3D ) suggests the flow has a hummocky texture. Stratovolcano morphology is mostly uniform, with a gradually increasing gradient up to a maximum of 56˚ (Figure 2A ) across 3 km of the stratovolcano flanks towards the summit. A distinctive feature of the stratovolcano is the sector collapse scarp ( Figure 5A ) on the south-eastern flank Wright et al., 2008) , which is identified in Figure 2G in particular. Several parasitic cones and fissure ridges extend radially from
Monowai stratovolcano on north to southeast facing slopes ( Figure 5A ), which due to their abrupt change in bathymetry are identified by most of the morphometric methods ( Figure 2 ).
Ring faults delimit the boundaries of at least two nested calderas covering some 55 km² ( Figure 5A ), from the higher Curvature values ( Figure 2E ) around the caldera rims.
The southern half of the caldera complex hosts numerous fissure ridges and parasitic cones up to 1 km in diameter, while the western outer caldera wall has been dissected by normal faults striking north-east ( Figure 5A ), aligned with the backarc rift. Although the elongation directions of the calderas are similar, there is a small but significant 10˚ change from the outer caldera (125˚) to the inner caldera (135˚) ( Figure 5E ).
Orientation of the former is consistent with the rifting direction of 122˚ at 28˚S
determined from focal mechanisms (Pelletier and Louat, 1989) , suggesting this direction to be the minimum principal (normal) stress direction. Caldera eccentricities of 0.764 for the inner caldera and 0.739 for the outer caldera, also suggest the normal stress (σ) (a result of magmatic and tectonic processes at Monowai) minimum to maximum ratio is similar for both calderas during magma chamber collapse. The Kermadec trench axis interpreted from gravity measurements (~170 km to the east, Figure 7A ) strikes 010˚ ( Figure 5E ). The orientation of Monowai is not perpendicular to the Kermadec Trench ( Figure 5E ), and hence caldera elongation is not solely controlled by large-scale subduction processes.
Minor volcanism also occurs to the northwest of the stratovolcano, with a 2 km cone structure within the rift system, cross cut by the faults ( Figure 5A ). Cones and fissure ridges around the southern edges of the calderas may be syn-collapse structures, or may result from post-collapse magma pressure exceeding the normal stress on the ring fault (Delaney et al., 1986) , exploiting the fracture as a conduit. The smallest cones occur within the morphological caldera rim, whilst cones with diameters greater than 1 km occur within 4 km south of the caldera centre, with the exception of a 1 km diameter dome in the centre of the inner caldera ( Figure 5A ). Further volcanic constructional structures extend north-northwest (355˚) from the caldera complex, although the structures within this population strike to the northeast, similar to the average orientations of magmatic structures of 041˚ (fissure ridges, Figure 5C ) and 039˚ (vent alignments, Figure 5D ). Also to the north of the caldera complex are possible small dyke intrusions, although they only exhibit morphological depressions of < 5 m, and therefore are indistinguishable from surficial undulations at this scale.
Volcanism has been quantified by using measurements of constructional volume, which may also indicate the extent of intrusive dyking, where it reaches the seafloor.
Total volumes are as follows: fissure ridges 1.4 km³; cones 2.1 km³; and the stratovolcano 18 km³ (similar to the 11 km³ calculated by Graham et al., 2008 ) ( Figure   6A ). The volcanic constructional volumes of fissure ridges, cones and the stratovolcano indicate a greater magmatic volume at depth. The negative evacuated caldera volumes are calculated as 30.9 km³ for the outer caldera and 13.6 km³ for the inner caldera, not including post collapse constructional volcanism. Although the cone and fissure ridge volumes are much less than caldera and stratovolcano volumes; the relative proportions of cone formation and fissure ridges indicate magmatic intrusives surrounding the caldera are dominantly accommodated by cone formation, with implications for likely emplacement mechanisms at depth. The caldera and stratovolcano are host to numerous small (<0.04 km³) parasitic cones, clustered concentrically within the southern half of the caldera complex, extending radially from the northwest-southeast stratovolcano flank ( Figure 6A ). Between the stratovolcano and caldera complex there is a slight dominance of small cones in the west and fissure ridges to the east, although there are also parasitic cones to the east ( Figure 5A ). Larger cones of 0.16-0.41 km³ are spaced on average 4 km apart around the south-eastern half of the caldera complex ( Figure 6A ).
Fault Structures
The Monowai fault population predominantly occurs to the west and the north of the caldera complex ( Figure 5A ), with an average strike (excluding caldera ring faults) of 031˚ ( Figure 5B ). Faults vary in length from a few hundred metres to 9 km, and are symmetrically disposed about a central axis ( Figure 5A ). For example north-western faults within the population face southeast and south-eastern faults face northwest, although the former are more common across MVC ( Figure 5A ). In both the 3 km wide zone of faults to the west of the caldera complex, and the approximately 8 km wide region of faulting to the north, shorter length faults are concentrated in the centre of the fault population ( Figure 5A ). However, in the western region, faulting is denser and apparently contained within bounding faults, with limited linkage between the shorter faults, compared to the widely dispersed faulting to the north of the caldera complex ( Figure 5A ). The bathymetric profile of the western faulted region confirms bounding faults and steep, and recently formed faults. We interpret the fault population to the west of Monowai caldera complex to be a nascent rift graben. The most westerly fault within the surveyed area (position X in Figure 5A ) is especially arcuate, displacing 700 m perpendicular to its strike. Propagation of the fault to the northeast is visible at the seafloor where it splays into three faults at position X ( Figure 5A ). The spatial distribution of the major fault at position X ( Figure 5A ) and separate faults to the northeast suggests that a relay ramp is starting to form. Fault throw data does not confirm the presence of a relay ramp ( Figure 6A ), suggesting that linkage is yet to develop significantly enough to be detected through summing throw measurements after the method of Peacock and Sanderson (1991) .
Tectonic deformation at Monowai has been determined by the measurement of discrete fault throws (Figure 6 ). Deformation intensity is greatest in the west of MVC, nearest the regional Havre Trough backarc rifting, with up to 141 m of throw at a single location ( Figure 6A) . Further, the bounding faults of the western nascent rift graben also have higher fault throw values than the surrounding fault population ( Figure 6A ).
To the northeast of the graben, throw values are less than 30 m, until the edge of the survey area where three faults have maximum throws up to 136 m ( Figure 6A ). The two zones of faulting west and north of the caldera complex ( Figure 5A ), are particularly clear within the southwest to northeast rift parallel transect (X-X' Figure   6A , Figure 6B ), which correspond to throw peaks at 10 km (260 m) and 27 km (325 m) along the transect. Between the two peaks in throw at 10 km and 27 km ( Figure 6B) there appears to be a throw deficit, which is concentrated at approximately 20 km where throw reaches 0 m. The location of negligible throw coincides with seafloor constructs of cones and fissure ridges. These magmatic constructs strike northeast and are concentrated within a zone extending north-northwest (355˚) from the caldera ( Figure 5A ). Figure 6A , Figure 6C ) is more variable than the along rift throw transect (X-X' Figure 6A , Figure 6B ).There are three peaks in total throw at 1.5 km, 2.2 km and 2.7 km along the across rift transect, though the maximum total throw is only 122 m. Greater throw values within the northwest ( Figure 6C ) are consistent with the proximity to the backarc in the west, and the migration of tectonic deformation eastward, as proposed in arc evolution models (e.g. Wright et al., 1996; Fujiwara et al., 2001) . The irregularity of the throw profile of the across rift transect highlights the complexity of tectonic deformation at a kilometre scale, which is also recorded by the spatial distribution of seafloor rifting ( Figure 6A ).
The across rift throw transect (Y-Y'
Displacement-length fault profiles created from this fault throw methodology provide insight into fault properties; however, they are not the focus of this present study.
On a regional scale analysis using orientations of the length-weighted average fault strike (031˚, Figure 5A ), Havre Trough axis determined from satellite gravity ( Figures   5E, 7A) , and the Bird (2003) plate motion vector ( Figure 7A ), allowed the use of the Tuckwell et al. (1996) method ( Figure 7B, 7C) , detailed in Section 5. This methodology found the dominant rifting mechanism of the Havre Trough at Monowai to be transtensional ( Figure 7D ), rather than oblique opening or orthogonal spreading.
DISCUSSION
Tectono-Magmatic Evolution Of Monowai
Detailed spatial analysis of magmatic features and the distribution and style of faulting provide a robust basis to document the evolution of Monowai volcanic centre. Prior to the magmatic intrusion of the Kermadec Arc, rifting along a north-northeast 008º axis ( Figure 7A ) initiated the Havre Trough backarc, as suggested by the relative timing of the Havre Trough initiation at ~5 Ma (Gill, 1976; Wright, 1993) and the TofuaKermadec Arc active post-Pliocene (Wysoczanski et al., 2010) . The initiation of rifting may have been coeval with magmatism along the Kermadec Arc, or may even postdate the arc magmatism; however we prefer the model of Wright et al. (1996) indicating a trenchward migration of rifting and arc magmatism, which concurs with the estimated ages above. Early faulting may have provided a tectonically preconditioned "crust" through which arc magmatism has migrated trenchward (e.g., Wright et al., 1996; Delteil et al., 2002) . The migration of deformation eastward is supported by greater throw values to the west of the fault population at Monowai ( Figure 6A ), although the across-rift pattern of throw variation is fairly irregular ( Figure   6C ). In addition the spatial distribution of faults at position X ( Figure 5A ) suggests the development of a relay ramp, though throw values do not confirm the relay ramp, this would indicate the migration of deformation is ongoing. Therefore the crustal fabric direction before magmatic intrusion may be similar to the average fault orientation of 031˚ ( Figure 5B ), possibly with a diffuse distribution similar to faults north of the caldera complex ( Figure 5A ).
Faults at Monowai vary in length from 9 km to a few hundred metres, with longer faults bounding the nascent rift graben west of the caldera complex. To the west of the caldera complex faults, there is a high density of shorter faults in the centre of the graben, which are more diffuse to the north of the caldera. If the rate of lateral fault growth is assumed to be constant (Walsh and Watterson, 1988) , this would suggest the concentration of shorter faults are the locus of current rifting and younger than most of the northern faults.
After the initial rifting, one of the earlier identifiable magmatic structures is the outer caldera, though pre-caldera constructional magmatism cannot be determined from the existing data. The outer caldera is interpreted to be older than the inner caldera as the morphological rim has greater gravitational collapse; also the caldera walls are eroded and overprinted by faults and magmatic features to a greater degree ( Figure 5A ).
There is some gravitational collapse with possible local structural imprint on northern outer caldera ring faults, although this is not present on the southern ring faults, possibly due to the presence of magmatic constructs. The stratovolcano is interpreted to be younger than the outer caldera as it is not dissected by faults, although it is not possible to determine the relative timing of the inner caldera and the stratovolcano from the geomorphology alone.
Smaller scale structures of Monowai can also be used to determine their relative timing. For example some of the caldera adjacent faults to the west of the complex ( Figure 5A ) may have been present before the outer caldera collapse, while to the southwest a 2 km diameter cone is dissected, suggesting a complex interplay of tectonism and magmatism. However, most faults west of the caldera complex formed at a similar time to the inner caldera and stratovolcano, probably caused by loading on the lithosphere from the weight of the 18 km 3 stratovolcano (e.g., the arcuate fault at position X, Figure 5A ) or formed during caldera collapse. Greater timing resolution is possible using the population of magmatic structures extending north-northwest (355˚) from the caldera centre ( Figure 5A ). These latter structures may have formed after or with the 031˚ fault fabric, as the cones and fissure ridges individually strike northeast, despite the population trending 355˚. These structures coincide with the position of the along-rift throw deficit (of ~220 m across a 10 km profile, Figure 6B) concentrated at 20 km along rift within Figure 6B . The strain missing in the throw profile may be accommodated magmatically through a dyke trending 355˚, or through magma propagating to the surface via several sub-vertical fractures. If so these magmatic constructs may reflect a greater magma pressure than the crustal (compressional) stress at depth, allowing the magmatic exploitation of pre-existing fault fabric (Delaney et al., 1986) , acting as planes of weakness for Andersonian dykes (Anderson, 1951) . If the magmatic constructs are coeval with rifting, they may indicate dyke intrusion which propagated to the surface, although the 355˚ trend of the population could suggest a common magmatic source as observed elsewhere by Lara et al. (2006) .
High fault throws (1-141 m) may indicate that rifting is dominantly accommodated through faulting, instead of through dyke intrusion (Opheim and Gudmundsson, 1989 ).
There may be several smaller dykes across the surveyed area, with some possible examples particularly observed to the north of Monowai; however, these potential intrusions only have associated decreases in bathymetry of < 5 m. This suggests where magmatic intrusion does occur, the intrusion is likely to reach the surface as cones or fissure ridges compared to dyke injection with morphological expression, either due to tectonic force or surface heat flow (Watanabe et al., 1999) .
Kinematic Framework
The 010˚ trend of the Kermadec Trench segment nearest Monowai, or the 008˚ Havre Trough segment ( Figure 7A ), has no direct tectono-geomorphic imprint on the volcanic complex. Nor does the convergence direction of the Pacific plate ( Figure 1A ), as structures oriented approximately 010˚ or 100˚ would be observed. A 10˚ change in caldera elongation from the inner to the outer calderas ( Figure 5E , Table 1 ) is similar to the ~10˚ change from tectonically controlled features (faults orientated 031˚, Table 1) to magmatically controlled features (fissure ridges, striking 041˚ and vent lines orientated 039˚, Table 1 ).
The inner caldera elongation direction (135˚, Table 1, Figure 5E ) is approximately perpendicular to magmatic features, and likewise for the outer caldera (125˚, Table 1, Figure 5E ) and tectonic structures. Assuming all the faults analysed are normal (due to their high angle and backarc tectonic setting), the principal stress orientations can indicate changes in the regional stress directions during the evolution of Monowai. The principal stress directions are defined as: maximum in the vertical plane, intermediate (maximum horizontal compressional stress) S Hmax parallel to the strike of the structure, and minimum (minimum horizontal compressional stress) S hmin perpendicular to S Hmax .
If the regional stresses are anisotropic, caldera elongation is likely to occur in the direction of S hmin (Bosworth et al., 2003; Holohan et al., 2005) as this direction requires the least force to overcome the bulk cohesion in the brittle plate above the magma chamber. However, the caldera will only form when the magmatic pressure associated with the magma chamber, is greater than the minimum horizontal stress (S hmin ). The principal stress directions can also be indicated on a local scale by the propagation direction of dykes or "magma-feeding fractures" (Anderson, 1951; Corazzato and Tibaldi, 2006) , as indicated by the vent lines and fissure ridge orientations of 39˚ and 41˚, respectively ( Figure 5 ), which propagate parallel to S Hmax (Nakamura, 1977) , as applied by e.g., Johnson and Harrison (1990) and Corazzato and Tibaldi (2006) .
Monowai stratovolcano differs from the regional trend of S Hmax , suggesting a local control on S Hmax , with vent cones and fissure ridges on the stratovolcano north-eastern slope, indicating radial dykes extending from the stratovolcano centre.
The same ~10˚ change in orientations of the outer caldera and faults, to the inner caldera and magmatic structures is considered here significant. Although it is important to note the outer caldera has deformed since its formation. The tectonic structures are oriented approximately perpendicular to the outer caldera (Table 1) , in the direction of S Hmax possibly when the outer caldera was formed, if rifting of the Havre Trough preceded arc volcanism (Wright, 1993; Wysoczanski et al., 2010) . In contrast, the magmatic structures are oriented approximately perpendicular to the inner caldera (Table 1 ). The magmatic structures are interpreted to have formed largely post-caldera collapse, which may have weakened the crust, suggesting a subtle shift in the horizontal principal stress direction. This suggests that the S hmin at the time of the inner caldera formation may have been influenced by greater magmatic pressures over tectonic stresses, due to the formation of magmatic structures along the strike of S Hmax ; compared to the outer caldera formation, when magmatic 20 pressures would have been lower as faults are dominantly formed in the direction of S Hmax . The inner caldera emplacement may also have been influenced by pre-existing conduits from the magma chamber collapse associated with the outer caldera, which would have provided planes of weakness and therefore less bulk cohesion of the lithosphere to overcome for the inner caldera. This hypothesis assumes that the Andersonian theory of principal stresses can be applied to magmatic structures (Nakamura, 1977) , which at mid-upper crustal depths are tectonically controlled as fractures or fault planes that are magmatically exploited (e.g., Delaney et al., 1986) .
However, it is important to note that magmatic populations may be affected by structures around the caldera complex affecting average orientations, creating a high degree of variability in the corresponding S Hmax and S hmin (Table 1) . Further, due to the extent of post-formation deformation of the outer caldera, the current elongation may not be the original orientation, hence it may be difficult to determine if there is a subtle (10˚) shift in principal stress directions.
Volumes of the volcanic structures suggest a predominance of vent cone formation (2.1 km 3 ) compared to fissure ridges (1.4 km 3 ), however, this does not take into account material intruded at depth, which may be up to two orders of magnitude greater than the extrusive volume of material (e.g., Ferguson et al., 2010) . Although the two calderas differ in volume (the outer caldera 30.9 km 3 , and the inner caldera 13.6 km 3 ), the stress ratios are likely to be similar during caldera formation, as the eccentricities are similar with 0.739 for the outer caldera and 0.764 for the inner caldera. The outer caldera has been subject to greater deformation and topographical gravitational collapse post-formation ( Figure 5A ), suggested by its irregular outline compared to the more oval shaped inner caldera ( Figure 5E ), although this should not affect the eccentricity results greatly as they are based on the axes, not the regularity of the caldera rim.
The extensional style at Monowai can be analysed in terms of transtension, oblique opening or orthogonal spreading, based on the model of Sanderson and Marchini (1984) and analysis of Tuckwell et al. (1996) (Figure 7B-D) , where α is the angular difference between the plate margin and the plate motion vector, and Φ the angular difference between the plate motion vector and the extensional faults ( Figure 7B ). The position of the values of Monowai on the α-Φ plot indicates that the transtensional model is most applicable ( Figure 7D ). Rifting within the Havre Trough nearest Monowai has been determined as transtensional from the morphometric analysis, where rifting occurs across a zone of semi-contiguous rift grabens within the Havre Trough, which make the classification of the tectonic setting more complex than a single definitive rift axis.
With the progression of arc volcanism trenchward, the current edifice of Monowai stratovolcano may evolve, displaying structures more indicative of transtension (Mathieu et al., 2011) .
The transtensional regime of Monowai ( Figure 7D ) may be affected by the regional setting detailed in Figure 7A , although to test this a comparison of the rest of the Kermadec Arc volcanoes would be required. The analysis technique of Tuckwell et al. Pre-existing faults are interpreted to control the orientation of later magmatic intrusions, and the large magmatic structure of the stratovolcano induces fault formation due to gravitational loading. We interpret a temporal shift in the tectonomagmatic interaction, reflected in caldera elongation directions. When the inner caldera was formed, S hmin was influenced by greater magmatic pressures than tectonic stresses, compared to relatively lower magmatic pressures when the outer caldera formed. Pre-existing conduits from the formation of the outer caldera will have also reduced the lithostatic strength for formation of the inner caldera. Both of these factors may have led to the change in the inner and outer caldera orientations of approximately 10˚.
Morphometric analysis resolving the relationship of α and Φ using the method of Tuckwell et al. (1996) , has quantitatively determined the type of rifting within the Havre Trough and around Monowai to be transtensional. As the rifting within the Havre Trough is distributed across a zone of semi-contiguous grabens and not a single rift axis, morphological expression alone could not define the type of rifting.
The morphometric method applied to Monowai is also applicable to other submarine (5) and Plan Curvature (6). Tuckwell et al. (1996) using the orientations of the rifting plate margin, extensional fractures and the plate motion vector of Bird (2003) . (C) Models of Tuckwell et al. (1996) detailing plate margin geometries depending on varying relationships between α and Φ, whether transtension, oblique opening or orthogonal spreading, with associated plan view diagrams of the tectonic setting. (D) A plot of α against Φ to define the plate margin geometry type at Monowai, after Tuckwell et al. (1996) , where the spreading ridge values of α and Φ determined by Tuckwell et al. (1996) are included within the plot. Table 1 Orientations of structures from primary observations, maximum horizontal stress (S Hmax ) and minimum horizontal stress (S hmin ). Where horizontal stress values of structures are 'Observed', they are the same as orientations of the structures, otherwise, the values are calculated by the perpendicular angle to the observed horizontal stress value.
36
APPENDIX Equation 1 - (Burrough and McDonnell, 1998; Micallef et al., 2007; ESRI, 2011) Where x is the longitudinal direction, y is the latitudinal direction and z the vertical direction.
Equation 2 -ESRI, (2011)
Equation 3 As expressed by Micallef et al. (2007) Equation 4 As expressed by Micallef et al. (2007) Equation 5 The centre point of the standard deviation ellipse is calculated by the function's algorithm (equation 5). Where n is the total number of features, x i and y i the coordinates for the ith straight line segment within the caldera outline, and , is the mean centre of the features used to calculate the ellipse through the Spatial Statistics toolbox.
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The elongation axis orientation of the standard deviation ellipse is determined by equation 6, where and are the deviations of the x, y co-ordinates of each feature from the mean centre ( ).
